Background: Vaccination is a cost-effective and life-saving intervention. Recently several new, but more expensive vaccines have become part of immunization programmes in low and middle income countries (LMIC). Monitoring vaccine wastage helps to improve vaccine forecasting and minimise wastage. As the costs of vaccination increases better vaccine management is essential. Many LMIC however do not consistently monitor vaccine wastage. Methods: We conducted two surveys in health facilities in rural and urban Gambia; 1) a prospective six months survey in two regions to estimate vaccine wastage rates and type of wastage for each of the vaccines administered by the Expanded programme on Immunization (EPI) and 2) a nationwide cross sectional survey of health workers from randomly selected facilities to assess knowledge, attitude and practice on vaccine waste management. We used WHO recommended forms and standard questionnaires. Wastage rates were compared to EPI targets. Results: Wastage rates for the lyophilised vaccines BCG, Measles and Yellow Fever ranged from 18.5-79.0%, 0-30. 9% and 0-55.0% respectively, mainly through unused doses at the end of an immunization session. Wastage from the liquid vaccines multi-dose/ single dose vials were minimal, with peaks due to expiry or breakage of the vaccine diluent. We interviewed 80 health workers and observed good knowledge. Batching children for BCG was uncommon (19%) whereas most health workers (73.4%) will open a vial as needed. Conclusion: National projected wastage targets were met for the multi-dose/single dose vials, but for lyophilised vaccines, the target was only met in the largest major health facility.
Background
Vaccination will save more than 20 million lives in low and middle income countries between 2001 2020 [1] . In recent years a number of new vaccines have been added to national vaccination programmes and consequently the cost per fully immunised child has increased considerably [2] [3] [4] . These growing costs make the considerate use of vaccines pressing and interest to minimise vaccine wastage has risen.
Vaccine wastage, usually measured as rate, is the proportion of vaccine doses supplied but not administered. Wastage is categorized primarily into two types: a) wastage of the remaining doses in opened vials at the end of an immunisation session, and b) wastage from unopened vials generally due to problems related to the cold chain, breakage or expiry [5, 6] . A number of factors are known to influence vaccine wastage. These broadly include the vaccines themselves, syringes, logistics, immunisation practices, and national policies [6] .
In 2005, the WHO estimated that approximately half of the vaccines produced globally are wasted and therefore recommended that countries strengthen local vaccine wastage monitoring [6] . Parmar et al. reported in 2010 that only 19 (26%) of 72 GAVI eligible countries had submitted to WHO wastage data that could be analysed [7] . In the absence of local data, countries use WHO projected wastage rates to estimate their vaccine needs [8] .
Due to restricted cold storage capacity in many developing countries, multi-dose vials are commonly used. In 2014, WHO revised its multi-dose vial policy (MDVP) to advice countries on minimising vaccine wastage while ensuring vaccine safety [9] . Under the policy, multi-dose vials with preservatives may be kept for up to 28 days after opening in contrast to the lyophilised vaccines, which do not contain preservatives, and should be discarded 6 h after reconstitution [9] .
Despite the recommendations and renewed policy, recent data on vaccine wastage are lacking and published studies have relied primarily on mathematical models [10] . In this study, we prospectively quantified wastage rates and type for the vaccines used in the Gambian Expanded Programme on Immunization (EPI) and assessed the knowledge, attitude and practice (KAP) of Gambian health workers on general knowledge on immunisation and vaccine waste management.
Methods

Background setting
The Gambia a small country in West-Africa, had a population of about two million and a birth cohort of 86,990 live births in 2016. The national EPI was launched in 1979 initially with six vaccines and since then several other vaccines have been introduced (Table 1) . Vaccination occurs mainly via fixed based and mobile outreach clinics, with occasional campaigns and national immunisation days as needed. Data collected from health and demographic surveillance systems between 2005 and 2012 showed coverage of Bacillus Calmette-Guérin (BCG) and Diphtheria-Pertussis-Tetanus (DPT3) to be > 95 and > 80% respectively across all regions in the country [11] . Full immunisation (child received BCG, three doses of oral polio vaccine (OPV), three doses of DTP and measles vaccines by one year of age) was only 52% in one region between 2000 and 2010 [12] .
In The Gambia, vaccines are procured by UNICEF and are delivered by air twice a year, except for Rotavirus and Pneumococcal Conjugate Vaccine (PCV) which are delivered quarterly due to their large volumes. Once in the country, vaccines are stored at the central cold room and moved every quarter via a push system to the second cold room, in rural Gambia and five regional stores nationwide. Two of the regions without a store collect vaccines directly from the central cold room (Fig. 1) .
In 2016 there were 67 health facilities providing vaccination services; 32 (47.8%) in urban and periurban areas. Fourteen out of the 67 facilities (20.9%) were private clinics. National EPI wastage projections were 35% for BCG, 5% for PCV13 and 15% for all other vaccines in the EPI schedule [13] .
Study design
We conducted two observational studies in a total of 18 selected health facilities (all six major health facilities with 110-150 beds per 150,000-200,000 population and 12 minor health facilities with 20-40 beds per 15,000 population) across rural and urban Gambia. The minor facilities were randomly selected proportionate to the total number of minor facilities in each region across the country (Fig. 1) .
Survey 1 -Vaccine wastage in two regions
We purposefully selected two regions for this survey, West Coast Region (WCR1) and Central River Region (CRR) in urban and rural Gambia respectively (Fig. 1) . These are the only regions with a cold room. In these regions, we selected the two major health facilities (one per region) and randomly selected two minor health facilities (also one per region) (Fig. 1) .
Prospective data collection lasted for six months, from April to September 2016. WHO recommended forms were used for monitoring of vaccine wastage [6] . Trained study fieldworkers working closely with EPI personnel, recorded information at each health facility on the number of children immunised, doses discarded and the reason, and number of doses opened at each immunisation clinic covering both fixed and outreach sessions. At the beginning of each month, the fieldworkers with the EPI staff did a physical count of the total number of doses for each vaccine available at the facility. All data were collated at the end of the month.
Monthly data on doses received, doses issued and discarded were also captured from the two cold rooms in WCR1 and CRR. We conducted a cross sectional survey on the KAP of health care workers from 18 study facilities across all regions. All health workers engaged in vaccine delivery were eligible for participation. Health workers were interviewed on general knowledge on immunisation, and vaccine waste management using a pre-tested questionnaire. A separate interview was conducted with the senior officer in charge of EPI in each facility to collect data on general practices within the facility. The fieldworkers were trained not to read out the responses to questions but rather tick each that applied. At the end of the interview, the temperature chart and vaccine ledgers at the facility were inspected to observe the routinely captured data.
Data analysis
We estimated vaccine wastage rate with 95% confidence interval for each vaccine included in the Gambia EPI schedule using the formula; Wastage rate = (Doses used -Children vaccinated)/ Doses used × 100 at the facility level. At the storage level, we measured the proportional wastage rate as number of doses discarded/ (start balance + number of doses received) × 100 [6] . Types of vaccine waste were described as a proportion for each vaccine i.e. number of each type of wastage recorded (e.g. number of doses discarded from broken vials) divided by the total number of doses discarded for that vaccine.
We described the practices at each facility as a percentage of the facilities that perform expected activities and described the KAP of the health workers. For each response we calculated the proportion that gave the correct response out of the total number of respondents.
Results
Characteristics of the facilities
All 18 study facilities had fixed base clinics at least once a month; 13 had between one and four sessions a month, four had more than one session a week and one had daily sessions. Outreach sessions occurred in all but two health facilities, one private and one minor health facility both in the urban area. The outreach sessions ranged from one to three times a week. All facilities requested vaccine supplies from their respective Regional Health Teams (RHT); 72.2% (13/18) on a monthly basis, ranging from weekly to quarterly.
Vaccine wastage rates and type of wastage
Wastage from cold rooms 56,264 doses of Rotavirus vaccine expired from the central cold room (WCR1) and the regional cold room (CRR) in June 2016, with a proportional wastage rate of 29.4 and 6.7% respectively. There were also a total of 41,460 expired doses of Pentavalent vaccine from the two cold rooms. The highest proportional wastage rate was recorded for Yellow Fever (YF) vaccine in CRR due to breakage of the vaccine diluent, 62.7% (Table 2) .
Wastage in health facilities (four facilities)
We found a wide range of vaccine wastage rates depending on the vaccine or the facility. Vaccine wastage rates were highest for the lyophilised vaccines BCG, Measles Table 3 ).
For the liquid vaccines for which the MDVP applies, bivalent OPV (bOPV) had the highest wastage ranging from 0 to 12.7%, with many doses unaccounted for (missing). Pentavalent wastage rate was < 1%, except for one facility that recorded 57.3% due to 160 expired doses in May 2016. For the other liquid vaccines, both multi/single dose vials, wastage rates were consistently low ( Fig. 3a and b) . PCV13 wastage rate was < 1% in all facilities during the six months survey.
Although there was a trend of higher rates of wastage for lyophilized vaccines in the major health facilities compared to the minor, this was not statistically significant (Table 3 ). There was no statistical difference between rural and urban facilities for any vaccine.
For all three lyophilised vaccines, more than 90% of the wasted doses for each vaccine was due to remaining doses from open vials that were discarded at the end of the immunisation session (Table 4) . For liquid vaccines, the type of wastage varied. Rotavirus vaccines in stock expired in June/July 2016 at all facilities (Table 5 ). Other types of wastage recorded in unopened vials included missing inventory, vaccine vial monitor (VVM) failure, breakage and use of wrong diluent, however, these were minimal (Table 5) . There was no record of wastage due to freezing during the entire study period. Table 6 ).
The majority 72.5% (58/80) did not know what EEFO ('Earliest expiry first out') stands for and among those who said they knew, only 25.9% (n = 15) gave the right response. Over half 60.6% (47/78) reported that they knew the national wastage targets, however amongst Vaccine stock management at the health facility level (18 health facilities)
The availability of national policy guidelines was confirmed by the study staff at each facility. In addition 77.8% of the facilities (14/18) had other training materials. Vaccines were returned to the cold chain as per the MDVP. In the majority (14/18) of facilities the officer in charge reported that wastage was calculated on a monthly basis, and in the remaining four facilities, it was calculated either annually (one facility), quarterly (two facilities), or daily (one facility).
In the six months prior to the survey, cold chain failures did not occur and vaccine stock out was rare, but was reported for BCG, OPV and YF for two, three and four facilities respectively. All facilities except one had a regular supervisory visit coordinated by the RHT in the 3 months prior to the survey.
Data available from the vaccine stock ledgers showed that all facilities recorded the dates when vaccines were received, the names of the vaccines, doses received, balance in stock and VVM status. The variables least recorded were doses returned unused, which was recorded by only five facilities (27.8%), and vaccines damaged, recorded by only three (16.78%).
Discussions
To our knowledge, this is the first prospective study to show vaccine wastage rates in a GAVI eligible country. Target wastage rates projected by the national EPI were met for the liquid vaccines in multi-dose/single vials. However, for the lyophilised vaccines, targets were only met at the major urban health facility with the largest catchment area of the four facilities (target population 150,000).
Wastage rates were highest for BCG. Overall, the rates were higher than the national target of 35% but within range of the WHO target of 50% [6, 13] . Vaccine wastage for lyophilised vaccines including BCG has been shown to correlate with the size of the vaccination session, as the number of children vaccinated decreases, the wastage increases because unused doses at the end of the session are discarded [14, 15] . Wastage in open vials has also been shown to be related to the vial size, with larger vials size leading to higher wastage [16] . The health workers in our study reported not to batch children for vaccination, but rather most would 'open a vial for every child' which is in keeping with the high national BCG coverage and the WHO guidelines [6, 11] , but contrary to the Nigerian experience where vaccinators batch for a lyophilised vaccine [17] . Still, wastage rates in The Gambia were lower than in Bangladesh [14] with different size of the vaccination session and similar to India even though the facilities in India used 10-dose vials [15, 16, 18] compared to our 20-dose vial. A UNICEF review of the cost-effectiveness of changing from a 20-dose vial to a 10-dose vial BCG concluded that it may be more economical to waste than to reduce vial size because the given price for a 10-dose vial was only 2-8% lower than that of a 20-dose vial [19] . More recent models comparing 10 versus 5-dose vials for other vaccines have shown that a change to smaller vials could reduce wastage but this does not necessarily imply a reduction in costs as other technical reasons such as higher manufacturing and storage costs need to be taken into consideration [20, 21] . Our data supports existing evidence that wastage rates are low for vaccines that follow the MDVP. Wastage rates were lower in centres where the MDVP was practised in Cameroon [22] and Bangladesh [14] compared to those that do not. Similarly, in urban Indian health facilities, wastage of OPV reduced by 50% after introducing the MDVP [23] . The wastage rates reported for the liquid vaccines, Pentavalent, bOPV and Hepatitis B in our study were lower than that from Asian studies [14, 24] .
Our study confirms mathematical models showing that wastage in single dose vials PCV are minimal [7] . PCV13 in 4-dose vial presentation is now available in addition to the single dose vial [25] . Earlier studies have shown that for immunisation programmes in developing countries, while per-dose price of antigens in multi-dose vials are lower than single-dose vaccines, even moderate wastage rates can quickly negate this price gain [7, 26] . As the MDVP is applicable to the 4-dose vial, wastage is expected to be low in countries where it is introduced. Doses wasted in unopened vials are not acceptable and should be minimised with better planning [6] . The observed peaks in wastage rates for the Pentavalent, Tetanus toxoid and Rotavirus vaccines may be one off events during our study. Continuous monitoring is needed to quickly detect unwanted errors that could compromise the programme. It was reassuring that there was no wastage due to freezing and doses discarded due to changes in the VVM were few, perhaps reflecting the efficiency of the cold chain system with regular supervisory visits [2] . We noted that bOPV type of wastage were mainly 'missing' or 'other' for example spillage and spitting of the vaccine. This is not surprising as bOPV is oral and it may be difficult to quantify the actual number of doses that remain in a vial at the end of a vaccination session.
The KAP survey showed high general knowledge on vaccine waste management among PHO in The Gambia. We did not take into account the time from training which would have been useful particularly for those who did not know EEFO and the wastage rates projected targets. Regular refresher trainings will assist to improve their knowledge on ways to reduce wastage. The main limitation of our study was that the wastage survey included only two regions of the country, the two with cold rooms. Though the results may not be generalizable to the other five regions, it is noteworthy that the EPI operates similarly in all regions with the RHT coordinating all vaccination activities. On the contrary, by obtaining data from both major and minor health facilities in rural and urban Gambia we showed a wide range of wastage rates across different settings. We conducted the wastage survey prior to the KAP to avoid changes in attitudes among health workers as this may have affected reporting and observations of vaccine wastage, the primary objective of the study.
Conclusion
This operational research shows that, in general, national targets for vaccine wastage in The Gambia were consistently met for liquid vaccines in multi-dose/single vials during the six months of study period. For lyophilised vaccines such as BCG, high wastage rates were detected from unused doses at the end of immunisation sessions. Given the generally high coverage of vaccines in the Gambia, wastage in unopened vials may be considered acceptable. Extra effort should be made to ensure wastage data, which were incomplete at the facilities are captured routinely. A longer period of surveillance will detect if the wastage rates from expiration and breakages are a recurrent issue.
The results from our study should prompt new estimates for the global wastage rates. In the era of new and more expensive vaccines, data on vaccine wastage are crucial for local vaccine forecasting and to validate models. We propose studies in different settings to compare data and contribute to the review of global vaccine wastage estimates. Moving forward, studies to assess if the concern of wastage hinders maximum vaccine coverage would be helpful. 
Funding
The study was funded from an implementation grant to EU from The WHO TDR (B40129). The funders had no role in the study design, collection, analysis, and interpretation of the data.
Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author on reasonable request.
Authors' contributions EU designed the study, coordinated the field work, did the analysis and wrote the first draft of the manuscript with AR. GM & BK reviewed the study protocol, study tools and manuscripts draft. LC & DS contributed to coordinating the field work and reviewed the manuscript drafts, and AR reviewed the study protocol, study tools, wrote the first manuscript draft with EU, and reviewed all other versions. All authors gave approval for the final manuscript draft.
Ethics approval and consent to participate
The study was approved by the Medical Research Council Unit The GambiaGambia Government Joint Ethics Committee and the WHO Ethical Review Committee. The Ministry of Health endorsed the study and individual written informed consent was obtained from all participants. To ensure confidentiality unique identification codes were used for facilities and participants.
Consent for publication NA
Competing interests EU had a consultancy with the GSK Malaria vaccine group that ended Dec 2017. All other authors declared that they have no competing interest.
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations. 
Author details
